A periodic switching diversity technique for a digital FM land mobile radio by 安達  文幸
A periodic switching diversity technique for a
digital FM land mobile radio
著者 安達  文幸
journal or
publication title
IEEE Transactions on Vehicular Technology
volume 27
number 4
page range 211-218
year 1978
URL http://hdl.handle.net/10097/46500
IEEE  TRANSACTIONS ON VEHICULAR  TECHNOLOGY,  VOL. VT-27, NO. 4, NOVEMBER 1978 21 1 
[ 31 Int. Radio Consultive Committee, Final Meeting,  Geneva,  Switzer- 
land, Doc. XIII/149,1969. 
sodPo Ito received the B.S. and M.S. degrees 
in electrical  engineering from  the University 
of Kyoto  in 1957 and 1959, respectively. 
He is currently Director of the Mobile 
Communication System Section, Integrated 
Transmission Systems Development Division, 
Yokosuka ECL, and is engaged  in  develop- 
mental research on mobile communication 
systems.  Since joining ECL in 1959, he has 
researched microwave relay systems; 15 GHz 
band radio relay system (SF-FZ), 6 GHz (SF- 
U3),  11 GHz (SF-Tl-3), etc. He has also done system design of a hgh- 
capacity land mobile radio telephone system in the 800-MHz band. 
Mr. Ito is a member of  IECE of Japan and ITE of Japan. 
Yosushi Mats& graduated from Yokohama 
National University and  joined NTT in 1956. 
He is currently Deputy Director of Switching 
Systems Development Division,  Musashino 
Electrical Communication Laboratory, Nippon 
Telegraph and Telephone Public Corporation, 
and is engaged in research and development on 
switching systems for various communication 
services. After work on toll telephone switching 
systems in the Engineering  Bureau, Mr. 
Matsuzaka  was transferred to ECL in 1959, 
where he engaged in research on centralized automatic message 
accounting system, pushbutton dial telephone system and its applica- 
tions for new customer services, and  other customer service switching 
facilities.  He recently conducted development projects on mobile 
telephone switching systems and directory number  information service 
system. 
Mr. Matsuzaka is a member of the  Institute of Electronics andCom- 
munication Engineers of Japan,  the  Information Processing Society of 
Japan, and  the Japan Ergonomics Research Society. 
A Periodic Switching Diversity Technique for a 
Digital FM Land Mobile Radio 
Abrtmct-A simple and e f f i i n t  diversity technique is proposed for 
use in a digital FM land mobile rrdio coaununication system. This tech- 
nique receives two RF signals periodidly by switching two antenna 
branches at a rate  moderately higher than the bit rate. The improved 
bit error rate (BER) performance resulting from the use of diversity is 
shown to be the effect  of  bnnaorming the probability  density  function 
ofthesignnlenegyperbittonoisepowffdensityratiotoa~nrpet 
distn'bution. Laboratory simulation test results show that m a Man- 
chester-coded frequency-&& keying (FSK) system with a bit rate of 
600 bit/s and a frequency deviation of *S kHz, the diversity gain at 
an average BER of 1 X is about 10 dB for an optimum switching 
rate of about 2 kHz. This diversity improvement is rlm ver i f i i  by  the 
f d d  test performed in a suburban area. 
I. INTRODUCTION 
I N LAND MOBILE radio  communication systems, signal transmission between a base station and a mobile unit is 
usually performed not only by a direct line-of-sight route,  but 
also via multiple random  paths because of reflection, scattering, 
and diffraction. Thus in the case of UHF or microwave land 
mobile radio, rapid and deep fading phenomenon will occur on 
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the received  signals at  both  stations as the mobile unit moves 
through an interference field made of  many waves which 
arrive with different amplitudes and phases. This fading 
phenomenon is generally called multipath fading or Rayleigh 
fading. A received signal suffering such fading phenomenon 
has a Rayleigh distributed envelope and a uniformly distrib- 
uted phase [ 11 - [3] . 
In a Rayleigh fading environment, signal  transmission 
performance is greatly degraded. Diversity reception is one 
of the most useful techniques to reduce the influence of such 
fading on signal  transmission performance [4] , [SI. Many 
diversity techniques for  land mobile radio have  been proposed 
and researched.  Most of them  adopt a method which combines 
the RF signals on the different diversity branches suffering 
uncorrelated Rayleigh fading. Typical combining methods are 
selection, maximal ratio, and equal gain [6], [7]. Switching 
diversity  using a single  receiver  is a kind of selection combining 
diversity technique with an advantage for mobile radio use 
because of equipment simplification and cost economy [8], 
This paper proposes a more simplified switching diversity 
technique to be used in a digital FM land mobile radio. This 
technique adopts a simple method which  receives two RF 
signals periodically by switching two antenna branches at a 
rate moderately higher than the bit rate. In Section 11, the 
background for such a concept is given, and it is shown that 
the cause  of  diversity effect on the bit error rate (BER) 
~91. 
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performance is due to transforming the probability density 
function (pdf) of the signal energy per bit to noise power 
density ratio to a sharper distribution. Section III analyzes 
the diversity improvement on the BER performance. In 
Section IV, the laboratory simulation test results for a Man- 
chester-coded  frequency-shift  keying (FSK) system  with 
limiter-discriminator  detection are described.  For the  bit rate 
of 600 bit/s  and  frequency  deviation of k5 k H z ,  an optimum 
switching  rate is about 2 kHz. In  such  a case, the  diversity gain 
at  he average  BER  of 1 X is about 10 dB. Section V 
deals with  a field test  performed in a  suburban  area. It is proved 
that  the experimental  system  demonstrates diversity action  in 
a real fading  environment. 
11. BACKGROUND 
Two of the  authors have clarified the  effect  of mobile speed 
on the BER performance in a Manchester-coded FSK system 
with  limiter-discriminator  detection  in  the 900 MHz band by 
the  laboratory  simulation  test [ 101 . 
The fading simulator used in the experiment is able to 
generate Rayleigh fading [ l l ] .  The fading rate, i.e.,  the 
maximum Doppler frequency fD (=u/X), corresponding to 
mobile speed u and carrier wavelength X, is variable from 0 
Hz to 10 kHz. Fig. 1 shows the effect of the fading rate on 
the BER performance of a Manchester-coded FSK system 
with  a  bit  rate of fb  = 600 bit/s  and  a  frequency  deviation of 
Afd = k5 kHz.  In  this  measurement,  the  predetection IF 
filter’s 3dB bandwidth is Bit = 16 kHz and  the  postdetection 
baseband filter’s 3-dB bandwidth is Bo = 626 Hz. 
From the above laboratory simulation test results, it is 
found that the average  BER performance is closely related 
to the  fading  rate, i.e., mobile speed.  There  exists an optimum 
value of fD = 1.5 kHz in the fading rate corresponding to a 
fictitious  speed  of u % 1250 km/h. The optimum value  is not 
closely dependent on  the average  signal level. 
It is well known that  total error  probability Pe of an FSK 
system  with  limiter-discriminator  detection in a Rayleigh 
fading  environment is  given by [ 121 
Pe =PI  +P2  +P3 (1) 
where P1 is average BER due to Rayleigh envelope fading, 
P2 is  average  BER due to random FM noise,  and P3 is average 
BER due to time delay spread. 
In  the above case, average  BER P3 due to time delay 
spread is neghgible because the bit rate of fb = 600 bit/s is 
neghgibly small in comparison with the coherent bandwidth 
of B = 250  kHz.l 
In an  FSK system  with  limiter-discriminator  detection,  the 
average  BER P2 due to random FM noise is given by [ 121 
P2 = L  2 [ 1 - f i & ) l l +   2 & ) y 2 ] .  (2) 
This result indicates that P2 is smaller than 5 x Unless 
1 This is a typical value  measured by Cox in an  urban  area such a~ 
New York [13]. 
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Fig. 1. Effect of fading rate on average BER performance. 
(Afd/ fD)  becomes smaller than 5.0. However, the measured 
BER P2 is much smaller than 5 X 1W6 because of the low- 
pass filtering  effect. 
The average BER Pi due to Rayleigh envelope fading is 
obtained by averaging the static BER performance over the 
fading dynamic range. The static BER performance can be 
approximately  represented as the following  relation [12] : 
where y is signal energy per bit  to noise power density ratio 
and a is a constant parameter determined from the bit rate, 
frequency deviation, and predetection IF filter bandwidth. 
Therefore, Pl is  given by 
where p ( y )  is  the  probability  density  function  (pdf)  of y. As 
the noise power density NO is constant,  the  pdf  of y = Eb/No 
is equal to  that of signal energy Eb during  one  time  slot T = 
l/fb. Signal energy Eb is  given by 
Eb = 6’ e2( t )  dt 
where e(t) is the Rayleigh fading signal. Because e(t) can be 
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mathematically  represented as a  narrow-band Gaussian process 
[3], the pdf of E*, i.e., 7, is determined from the Gaussian 
process autocorrelation  function II. (7) [ 141 . 
For the quasi-stationary case, where the fading rate fD is 
much lower than  the  bit  rate fb , the averaging time T becomes 
much  shorter  than  the  decorrelation  time2  of e(t). Then,  the 
pdf  of y is approximately given by  the well-known exponential 
distribution 
where I' is the average signal energy per bit to noise power 
density  ratio.  Therefore, Pl is  given by 
This indicates that P1 is independent  of  the  fading  rate. 
However, the above result is not true for the nonquasi- 
stationary case, where the fading rate is not negligibly small 
in comparison  with  the  bit  rate.  For  such  a  nonquasi-stationary 
case, the  pdf  of 7 is not given by (6), but becomes  a  sharper 
distribution with small variance [14]. The shape of its pdf 
resembles that of Gamma or Erlang's distribution. This result 
means that the fading dynamic range of 7 can be reduced. 
Therefore,  the average  BER Pl due to Rayleigh envelope fading 
can be reduced by an increase in fading rate. This improve- 
ment  effect comes from  integrating  the received signal power 
over one time slot T, which is not much shorter than the 
decorrelation  time  of e(t). Then,  the average  BER performance 
can be  improved as the  fading  rate  increases. 
But, if the fading rate  becomes excessively high,  the average 
BER P2 due to random FM noise,  which is given by (2), will 
dominate. This implies that there exists an optimum value in 
the fading rate,  i.e.,  mobile  speed,  for BER performance 
improvement. 
Thus it is concluded  that  the same improvement  effect may 
be obtained by using a  technique that would transform  the pdf 
of 7 to a sharper  distribution. One  of the  equivalent  techniques 
is to receive two RF signals periodically by switching two 
antenna  branches at  a rate  moderately higher than  the  bit  rate. 
This is a new switching  diversity  technique in that  it does not 
possess a level detector. A block diagram of  the receiver using 
this  periodic  switching  diversity  technique is shown in Fig. 2. 
The diversity effect on the BER performance is analyzed in 
the following section. 
111. DIVERSITY EFFECT ON BER  PERFORMANCE 
In the receiver model shown in Fig. 2, let us assume that 
both of the RF signals received by  the respective antennas are 
multipath fading waves with a Rayleigh distributed envelope 
2 The decorrelation time is related to the autocorrelation function 
9(7) by the requirement  that for any time greater than the decorrela- 
tion time, the magnitude of the normalized autocorrelation function 
must be much less than 1. 
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Fig. 2. Block diagram of periodic switching diversity technique. 
and  a uniformly  distributed phase. Furthermore,  the two 
average received signal powers are equal to each  other  and  the 
fading rate is much lower than  the  bit  rate. 
For the quasi-stationary case, where the switching rate is 
much lower than the bit rate, the receiver input during one 
time  slot is mostly  either  of  the two  RF signals received by  the 
respective antennas.  Therefore, it is equally  probable that  the 
signal energy per bit to noise power density ratio 7 becomes 
either  of  the -yl and -y2. Considering that  the pdf of rl and y2 
are given by respectively, 
the  pdf  of y is  given by 
where I' is the average signal energy per bit to noise power 
density ratio on each diversity branch. This means that the 
pdf of 7 is identical  with  the  pdf  of y1 and y2, corresponding 
to the  nondiversity case. In  this  case,  the average BERP, due 
to Rayleigh envelope  fading is also given by  equation  (7), and 
the  diversity  effect is not obtained. 
For  the  nonquasi-stationary case, where the  switching  rate 
is much higher than  the  bit  rate,  the  two RF signals are period- 
ically switched and combined during one time slot. In this 
case, the signal energy  during  one  time  slot  becomes  one half 
of the sum of the respective signal energies. Therefore, 7 is 
given by 
Considering that the  pdf of y1 and y2 are given by equation 
(8), respectively,  the  pdf  of 7 is given by [4] 
where k denotes the complex fading correlation between the 
two fading signals. The above equation  corresponds to that  of 
the well-known maximal-ratio combining diversity technique 
with a signal energy per bit to noise power density ratio of 
r/2 in each  diversity  branch.  Consequently,  the average BER 
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PI due to Rayleigh envelope fading is  given by 
p1 =Lrn pe(YlP(Y)& 
-’[  1  1 
2 r l k 1   a + { 2 / r ( 1 +   1 k 1 ) ) - a + { 2 / r ( l -  I ~ I ) )  1 
a2r2(1- I k 12) ‘ 
1 
% (1 2) 
For  the  intermediate case between  the  quasi-stationary case 
and the nonquasi-stationary case, where the switching rate is 
nearly  equal to  the bit  rate,  the average BERP1 due to Rayleigh 
envelope fading  should be represented as the  intermediate 
form  between (7) and (1 2). 
For  the  nonquasi-stationary  case, where the  switching  rate 
becomes excessively high,  the  switching noise should  appear at 
the discriminator output, just as the random FM noise did 
when the fading rate was increased. Though the random FM 
noise  is a random process, t h i s  switching noise  is a  deterministic 
process because the  switching  operation is periodic.  Therefore, 
the  switching noise can be removed by  a low-pass filter  with  a 
lower cutoff  frequency  than the switching  rate. 
On the  other  hand, when one  takes  the receiver input  from 
one of the  antenna  branches  and gates the received signal on 
and off periodically at a rate  much higher than  the  bit  rate,  the 
signal energy per bit  to noise power density  ratio y is  given by 
Y = Y l D .  (13) 
Then,  the pdf of y is  given by 
2 p(y) = -e-(2T/r).  (14) 
r 
In this case, the average BER Pl due to Rayleigh envelope 
fading is given by replacing r with r/2 in (7). Therefore,  the 
same diversity  effect is not  obtained. 
The  feasibility  of  the  periodic  switching  diversity  technique 
is verified by the following laboratory simulation and field 
tests. 
IV. LABORATORY  SIMULATION TEST 
A. Simuhtion Test System 
A block diagram  of the  laboratory  simulation  test  system  is 
shown in Fig. 3. 
A pseudonoise (PN) sequence  with  a  bit  rate  of fb = 600 
bit/s  and  a  repetition  period of N = ze - 1 = 51 1 bits is used 
as a  test  pattern signal. The  transmitter consists of an encoder 
and a 900 MHz band FM modulator.  The  encoder  includes a 
sum-logic circuit and a code converter. The sum-logic circuit 
differentially encodes the transmitting test pattern signal to 
simplify the timing recovery circuit used in the receiver. The 
code converter transforms a nonretum to zero (NRZ) type 
signal into a Manchester-coded type signal to suppress the 
direct  current  component.  The  Manchester-coded signal  is fed 
to the 900 MHz band FM modulator  generating  a Manchester- 
coded FSK signal, which is equivalent to an NRZ binary FSK 
signal with a bit rate of 1200 bit/s. In this case, frequency 
deviation Afd is variable, and the transmitting band is not 
restricted. 
The Manchester-coded FSK  signal is transmitted to the 
receiver through a multipath fading simulator [ 111 with two 
branches. The multipath  fading  simulator provides two fading 
signals, each having a Rayleigh distributed envelope and a 
uniformly distributed phase. The fading rate fD is  variable 
from 0 Hz to  10 kHz. The envelope  correlation p between  the 
two fading signal envelopes is also variable from 0 to  1. 
The receiver consists of an RF switch unit, an FM receiver, 
and a decoder. The RF switch unit consists of a p-i-n diode 
switch and an astable multivibrator  with  adjustable  free- 
running  frequency.  The FM receiver  is a  conventional  double- 
conversion type using a limiter-discriminator. Its total noise 
figure is NF = 9.8 dB. Two Butterworth crystal filters are 
used as the first and second IF fiters of this FM receiver. 
Overall 3dB predetection bandwidth is Bit = 16 kHz. The 
decoder is composed of a baseband filter, a timing recovery 
circuit, a decision circuit, and a differenceqogic circuit. The 
baseband  filter is a Gaussian type  active  filter  with 3dB band- 
width of Bo = 626 Hz. The baseband Gaussian filter is used 
for low-pass filtering of the  discriminator output. The timing 
recovery circuit is composed of a digital phase-locked loop. 
The recovered timing error is smaller than *9 degrees. Using 
recovered timing,  the low-pass filtered output is decided 
upon as “0” or “1” and  regenerated by the decision circuit. 
After being differentially  decoded  by  the  difference- 
logic circuit, the regenerated output is fed to the error rate 
counter  for  the BER measurement. 
B. Test Results 
In the following simulation test, the average signal energy 
per bit to noise power density  ratios on  the respective diversity 
branches are equal to each other, rl = r2 = r. The fading 
rate is set equal to fD = 40 Hz, corresponding to a typical 
mobile speed of u = 48 km/h = 30 mi/h for the 900-MHz 
band.  The measured BER  is the average  of several BER meas- 
urements. Each measurement takes about 3 minutes, so that 
several hundred signal fades  may  occur in each  measurement. 
Other  parameters are 
1) switching  rate f,; 
2) frequency  deviation Afd; 
3)  envelope  correlation p.  
Fig. 4 shows the  measured average BER performance  with 
the  switching  fate as a  parameter for Afd = *5 kHz and p = 0. 
As was expected,  the  test  results  indicate  that  the average  BER 
performance is markedly improved by setting the switching 
rate to an optimum value. With  an optimum setting,  the 
received average signal level necessary for  the average  BER of 
1 X 10-3 is reduced by  about  10 dB relative to the signal  level 
of a nondiversity case. This reduced  quantity  corresponds to 
the  diversity gain of this  system. 
Fig. 5 shows the measured average BER versus switching 
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Fig. 3. Block diagram of experimental simulation test system. 
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Fig. 4. Effect of switchiug  rate on average BER performance. 
rate  with  the  frequency  deviation as a  parameter for I' = 30 dB 
and p = 0. It is found  from Fig. 5 that  the  optimum value of 
switching rate is about 2 kHz and is loosely dependent on 
frequency  deviation. 
Fig. 6 shows the  measured average BER performance  with 
the envelope correlation p as a parameter for Afd = * 5  kHz 
and f, = 2 kHz. The results indicate that the improvement 
effect is reduced by only about 2 dB, unless the  envelope  cor- 
relation  exceeds p = 0.8. 
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Fig. 5 .  Average BER versus switching rate. 
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C Discussion 
The simulation test results surely show that the average 
BER performance can be  improved by increasing the  switching 
rate, but is degraded at an excessively high switching rate. 
Therefore, it is found that there exists an optimum value in 
the  switching  rate. 
The reason why the average BER performance is degraded 
at an excessively high switching rate is believed to be caused 
by  the  following. When the  switching  rate is  excessively high, 
the  spectrum  of  the  combined receiver input is so spread  that 
signal distortion is caused by IF fiter band restriction. As- 
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Fig .  6. Effect of correlation on average BER performance. 
suming that the IF filter bandwidth is wide enough for the 
signal transmission, the average BER performance will not be 
degraded by  the signal distortion. However, it will be degraded 
in turn by the excessively increased noise power. Therefore, 
there exists an optimum value in the switching rate. 
The  constant parameter a, included in (3), is found  to be 
a R 0.2 from experimental data on static BER performance 
for a bit rate of fb = 600 bit/s,  frequency deviation of Afd = 
?5 kHz, and predetection IF fiter bandwidth of Bit = 16 
kHz. Since differential encoding is used in  the simulation test, 
the measured average BER should be approximately given by 
2 X P1, where P1 is given by (7) or (12). Thus the average 
BERs for the nondiversity case and the periodic switching 
diversity case with a very high switching rate are given by 
5 X lW3 and 1 X respectively, at an  average  signal 
energy per bit to noise power density ratio of r = 30 dB. As 
shown in Fig. 4, the simulation test results for  the nondiversity 
case and  for the diversity  case with& = 2 kHz agree  well with 
the above calculated values. The influence of correlation 
causes the diversity  gain to be decreased by 3.5 dB for I k l2 = 
0.8 from (12). Considering that the envelope correlation p 
between  the two fading signals is approximately given by 
p I k l2 [4] , the simulation test results shown in Fig. 6 agree 
with the calculated values. 
V. FIELD TEST 
The field test was performed in a suburban area in  order to 
verify the feasibility of the periodic switching diversity system 
in a real fading environment.  In this test, a Manchester-coded 
FSK system with a bit  rate of fb = 600  bit/s  and a frequency 
deviation of Afd = +5 kHz was used. The switching rate was 
set as an optimum value off, = 2 kHz. 
A. FieU Test System 
The block diagrams of the base and mobile station systems 
are shown in F ig .  7 and 8,  respectively. 
The base station is located on the top of Yokosuka Elec- 
trical Communication  Laboratory about  160 m  above the test 
area. The transmitter has an output power of 5 watts. The 
transmitter  output is passed through an RF attenuator  and is 
radiated from a base station antenna which is an 8element 
Yagi antenna having a gain of 10 dB over a dipole. The RF 
attenuator is used to vary the received signal strength at the 
mobile receiver. The  test  pattern signal and the encoder used 
in  the field test are identical with those used in the  laboratory 
simulation test.  The carrier frequency is 880,000 MHz. 
The mobile station is in a van. Two A/4 whip antennas are 
located on the ground plain above the van roof. The antenna 
arrangement is square to the direction of vehicle movement. 
Antenna spacing is variable from 3 cm to 64 cm, i.e., from 
0.09 X to 2 X. A power divider is inserted in each diversity 
branch for the envelope measurement of fading signals and 
the BER measurement with and  without diversity. An antenna 
switch unit is operated by an astable multivibrator with an 
optimum switching rate of 2 kHz. The FM receiver and the 
decoder are identical with  those used in  the  laboratory simula- 
tion test. The decoder output is fed to an error detector to 
measure the average  BER. 
In the error detector, an exclusive-or gate compares the 
decoder output with a reference PN sequence generated 
locally by recovering the frame synchronization from  the 
decoder output. Thus a bit error pulse occurs whenever any 
bit of the decoder output is different from the reference PN 
sequence. The outputs of the field strength measuring  receivers 
and the error detectors are recorded in an FM tape recorder 
for  later processing. 
B. Statistical Chnmteristics of Field Strength 
The field test area  is the Kurihama area characterized by a 
small scale factory  district, at a distance of about 3 km from 
the base station shown in Fig. 9. The test is made along a 
street, which is about 2 km around  and is approximately 
orthogonal to a radial line  of the direction between the 
transmitter and the receiver, at a constant moving speed of 
about 30 km/h. 
By the measurement of the fading statistical characteristics 
on the received  signal, it is found that the received  signal 
envelope follows closely to the Rayleigh distribution locally 
and  its local average follows closely to the lognormal distribu- 
tion with a standard deviation of u = 3.7 dB. The median 
value  of the local  average  is 34 dBp, i.e., the median value rm 
of the local average r of the signal energy per bit to noise 
power density ratio is rm = 54.5 dB, when the attenuation 
of the base station RF attenuator is 0 dB. 
Fig. 10 shows the measured envelope correlation versus 
antenna spacing. The plotted value is the average of several 
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Fig. 7. Base station system. 
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Fig .  10. Envelope correlation versus antenna spacing. 
measurements. Each measurement takes 2 seconds so that 
each measuring distance may be about 50 wavelengths. The 
shape of the curves  is roughly similar to the theoretically 
predicted  one [l] without being a close fit at  any  point. 
C Meusured Average BER Performance 
The average  BER  is computed by counting the  total number 
of the  bit  error pulses and dividing by  the  total number of the 
transmitted bits. Each measurement takes about 30 minutes, 
so a test signal composed of 1 080 000 bits is transmitted. 
The measured average BER performances with  and without 
diversity are shown in Fig. 11. In this case, the antenna spacing 
is 2 X, so the envelope correlation is nearly zero. The test 
results verify that  the use of the periodic switching diversity 
can surely reduce the received  average  signal  level  necessary for 
an  verage  BER of  1 X or 1 X by  about 5 or 10 
dB, respectively, relative to  that without diversity. 
The influence of antenna spacing on the diversity improve- 
ment is shown in Fig. 12 for r,,, = 29.5 dB. The diversity 
improvement is degraded only  at an  antenna spacing of 0.09 X. 
D. Discussion 
@ 
From the measurement of the fading statistical character- 
istics, it is found that the received  signal  envelope  follows 
closely to  the Rayleigh distribution locally and its local  average 
follows closely to  the lognormal distribution with a standard 
deviation of 0 = 3.7 dB. Therefore,  the pdf of  the local  average 
r of the received  signal energy per bit  to noise power density 
(/ k *. ratio is  given by 
&U 
*e %* 
A. 1 -  (10 log r--10 log rm)2 p(r) dr = - e 2 0 2  d(10 log r) (15) 
7%: DASHED LINE SHOWS FIELO TEST COURSE where Fm is the median value of I'. The local averages of the 
Fig .  9. Map showing field test area. can be assumed to vary coincidentally since the  antenna spacing 
is about less than a few wavelengths. Thus the average BER 
P1* including the  effect  of  the lognormal distribution of r is 
obtained by averaging the local average BER P1 in the Rayleigh 
fading with constant average power, which is given in (7) or 
(1 2), over p v ) .  The average BERP1* with  and  without diver- 
IYOKOSUKA E .C .L . )  two fading signals  received by  the respective diversity antennas 
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 07,2010 at 19:44:12 EST from IEEE Xplore.  Restrictions apply. 
218 IEEE  TRANSACTIONS  ON  VEHICULAR  TECHNOLOGY,  VOL. VT-27, NO. 4, NOVEMBER 1978 
111o-l - 
8 -  
6 -  
4 -  
2 -  
Illd‘ - 
8 -  
6 -  
4 -  
2 -  
L 
I l1163 - 
s 4 -  
I 8 -  
6 6 -  
2 -  
1116‘ - 
8 -  
6 -  
4 -  
2 -  
\ 
ANTENNA SPACING = 21 
o WITH DIVERSITY 
n WITHOUT DIVERSITY 
MEDIAN OF THE LOCAL AVERAGE: k(d8J 
Fig. 11. Average BER versus median of the local average. 
‘F AVERAGE: r,., = 29.5 dB MEDIAN OF THE LOCAL t c 
: 
0 
I 
0. I 0.2 0.3 0.4 0.5 
ANTENNA SPACING/ WAVELENGTH 
Fig. 12. Average BER versus antenna spaciug. 
sity are given by, respectively, 
rm 
Since the  differential  encoding is used,  the measured 
average  BER should be approximately  equal to 2 X P1 *. The 
constant parameter a is about 0.2 as shown in Section IV. 
Thus the average BER with and without diversity are about 
4.3 X lO-* and 7.1 X respectively, when Fm = 30 
dB. As shown in Fig. 1 1 ,  the  field  test  results agree  well with 
the above calculated values. 
The measured envelope correlation  between two fading 
signals  is about 0.5 for an antenna spacing of 0.09 X as shown 
in Fig. 10. Since the envelope correlation is approximately 
equal to I k 12 [4], an antenna spacing of 0.09 X causes the 
value of the average BER to  be increased by two times as 
much  from (12). The field test  results shown in Fig. 12 agree 
with  the above result. 
VI.  CONCLUSION 
This paper describes a simple switching  diversity  technique 
to receive two RF signals periodically by switching  two 
antenna branches at a rate moderately higher than the bit 
rate. 
After the background for the concept was described, the 
cause of diversity  effect was explained as being  due to trans- 
forming  the  probability  density  function  of signal energy per 
bit to noise power density  ratio to a  sharper  distribution  with 
smaller variance. Then,  the  feasibility of this  periodic  switching 
diversity  technique was verified by  the  laboratory  simulation 
and field tests. 
Although  a similar diversity  effect can also be obtained  for 
cothannel interference performance, adjacentchannel inter- 
ference  performance may not be improved since periodic 
switching would tend to cause spectrum foldover into the 
desired channel band. This is a potential problem which is 
an area  for  further study. 
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